We investigated the depth dependence of coherence times of nitrogen-vacancy (NV) centers through precisely depth controlling by a moderately oxidative at 580
In recent years, shallow NV center has attracted increasing attention owing to its applications in nanoscale spin detection [1] [2] [3] [4] [5] [6] [7] and surface spin noise investigation [8] [9] [10] [11] . Since the minimum detectable magnetic dipole moment scales as δµ ∝ r 3 / √ T 2 [9, 12, 13] , where r is the NV-target spin distance and T 2 is the coherence times of the NV center, the nanoscale control of the NV center depth and the investigation of depth dependence of NV center coherence time are important.
Recently, two methods, plasma etching [14] and oxidative etching [13, 15] , have been developed to control the depth of the NV center. Cui et al. found that the conventional oxygen plasma etching had low damage to diamond [14] . For oxidative etching, Kim et al. demonstrated that the diamond could be etched at the temperature, ranging from 550
• C to 620
• C, in pure oxygen gas [13] . Loretz et al. reported that the oxidative etching rate for diamond was about 10 nm/h at 650
• C in air and by using this method they realized a 1.9-nm-deep NV center [15] . However, the etching rate was not short enough to precisely control the depth of NV center .
In this work, we performed oxidative etching in air on diamond at a reduced oxidative temperature 580
• C, obtaining about 1.1 nm/h etching rate. By successive nanoscale etching, NV centers could be brought close to the diamond surface step by step, which enable us to investigate the depth dependence of coherence times of NV centers. The coherence time of NV center declined rapidly with the depth reduction in their last about 22 nm before they finally disappeared, which was attributed to the influence of the rapid fluctuating surface spin bath. By monitoring the coherence time variation with depth, we could make a shallow NV center with long coherence time for detecting external spins with high sensitivity [5, 7, 15, 16] .
A 2 × 2 × 0.5 mm 3 (100) electronic grade diamond chip from Element Six ([ 13 C]=1.1%, [N]<5 ppb) was used for the experiments. At first, a 300-nm-thick polymethyl methacrylate (PMMA) layer was deposited on the dia- mond chip surface [17, 18] . Then a series of 60 nm diameter apertures, as well as some 10-µm -wide strips used as position marks [18] , were patterned on the PMMA layer using electron beam lithography. The NV centers in the chip were generated by implanting 60 keV 14 N + 2 molecules with a fluence 0.55 × 10 11 14 N + 2 /cm 2 through the apertures and strips on the PMMA layer. [17, 18] . After implantation, the sample was annealed at 1050
• C in a vacuum at 2 × 10 −5 Pa for 2 h to form long spin coherence time NV centers [19] . After oxidation at 430
• C Etching times (h) in air for 2.5 h, the sample was cleaned in a 1:1:1 boiling mixture of sulfuric, nitric, and perchloric acid at 200
• C for 2 hours.
The oxidative etching was performed in air on the diamond chip situated in a box furnace with its implanted side up. In order to have a slow etching rate, we used a lower oxidative temperature of 580
• C. The diamond chip was put in the furnace when the furnace temperature had already stabilized at 580
• C. The process for the furnace temperature being stabilized at 580
• C only took about 1 minute. Similarly, when the etching process was finished, we directly took the diamond chip out to the air for cool down. We traced the evolution of the number of single NV centers remaining in the chip with the etching time and investigated the relationship between the coherence times of the NV centers and the etching times. Figure 1(a) showed the fluorescence image of a representative area of the diamond chip before oxidative etching, with the traced single NV centers marked with circles in the figure. The larger bright specks in the image were NV center clusters produced in the implantation due to imperfection of the PMMA templet layer deposited on the diamond chip [18] . After oxidative etching for 26 h, the image of the same area showed less single NV centers and the bright specks of the NV center clusters also became less bright and smaller [ Fig. 1(b) ]. As shown in Fig. 1(c) , after oxidative etching for 53 h, there were only few single NV centers remained on the chip and the bright specks became even less bright and smaller. These results clearly demonstrated that the NV centers originally situated at different depths of the diamond chip had been removed successively by oxidative etching [13, 15] .
We traced 265 single NV centers that were initially in the diamond chip. As shown in Fig. 1(d) , the number of the remaining single NV centers in the chip reduced with the oxidative etching times. We found that when the etching time was less than 10 h, the number of the remaining NV centers reduced very little. Then, when the etching times increased from 10 h to about 60 h, the NV centers number reduced rapidly. After that, the number reduced slowly and finally almost all the NV centers finally disappeared after 85 h etching. The results showed that the number of the remaining single NV centers reduced about 70% after etching 42 h. By comparing the above results with the SRIM simulations for an implantation nitrogen atom energy of 30 keV [ Fig. 1(e) ], we found that the etching depth corresponding to 42 h etching was 46 nm. Therefore, we estimated that the etching rate was about 1.1 nm/h at 580 C in air.
The slow etching rate made it possible to control the depth of the NV center at nanoscale. Thus, we could precisely trace the evolution of the coherence time of a single NV center with its depth, which reflected the variation in its local environment, from the bulk 13 C spin bath to the surface spin bath. A set of randomly selected 20 single NV centers [named NV-1 through 20] with their axes parallel to the external magnetic field (47 G) was used for the tracing. We performed spin echo measurements for all the 20 single NV centers before the chip etching, and found that the T 2 of 19 NV centers among them were between 134 and 234 µs, and the other one was 3.3 µs. The mean value of T 2 of the 19 single NV centers was about 194 µs, which was comparable to that of the native NV center inside electronic grade diamond [20] , implying that the NVs were initially deep inside the chip and the initial major spin impurities were 13 C.
Then, we measured the coherence times of the 20 NV centers after successively etching for various times step by step. Fig. 2(a) showed three representative results of the spin echo measurements for NV-10 (which just disappeared after etching 50 h), after different oxidative etching times. In the first two figures, we found that the photoluminescence (PL) profile collapsed and revived at 13 C Larmor frequency (about 50.3 kHz), which was due to the incoherent precession of the 13 C nuclei spins in our natural 13 C abundance samples [21] . It was found that for the sample before etching, the T 2 of NV-10 was 234.6 µs. And, after an etching of 42 h, the T 2 declined to 80 µs. However, when the etching time reached 49 h, its PL intensity was not stable and was reduced to about half of the initial value, indicating that the center had been very shallow and its charge state had become unstable [22, 23] . (The similar phenomenon was also observed for other NV centers, when they were shallow enough by long time etching.) Moreover, its T 2 was reduced to only about 0.7 µs. The above results revealed that the NV center became very shallow and suffered a strong influence of the rapid fluctuating surface spin bath [8] [9] [10] 24] . The T 2 of NV-10 in the sample etched for various times were presented in Fig. 2(c) top. This etching time dependence can be converted to the depth dependence as the depth varied with the etching time. As shown from the figure, for short etching time (less than about 30 h), the T 2 decreased slowly with the etching time, then declined rapidly in its last about 20 h etching before it finally disappeared (i.e. when its depth was less than about 22 nm). Finally, when the etching time was longer than 50 h, NV-10 was finally disappeared.
Three representative Ramsey measurements for NV-10 were also shown in Fig. 2(b) , and its T * 2 for the sample after various etching times were summarized in Fig. 2(c) bottom. We could see that the T * 2 had a similar evolution to the T 2 . As another example, Figure 2 (d) gave the results of the coherence time measurements for NV-13 (just disappeared after etching 62 h). It is clear that the coherence time decreased very slowly with the etching time in the initial ∼ 40 h, while declined rapidly in the last ∼ 20 h etching before it finally disappeared (i.e. when its depth was less than about 22 nm). The evolution were similar to that of NV-10. Fig. 2(e) summarized the dependences of T 2 with the etching time for all the 20 NV centers. We found that there was a similar dependence for all these NV centers: the T 2 of each NV centers decreased rapidly when the etching time was about 20 h before the centers finally disappeared (i.e. when their depth became less than about 22 nm). The results of Ramsey measurements of the 9 representative single NV centers after different oxidative etching times were shown in Fig. 2(f) , which exhibited a similar variation as that of their T 2 in Fig. 2(e) . The results suggested that, when the depth decreased to about 22 nm, rapidly fluctuating surface spins, compared with the slow bulk 13 C spin bath, began to play an important role in NV decoherence, leading to a rapid decreasing in coherence time with a further decrease in centers depth, which was consistent with the results of the delta doping NV centers [9] .
Dynamical decoupling was important in NV center based high sensitivity magnetic field [25] and temperature [18, 26] sensing. In particular, the shallow NV centers, combined with dynamical decoupling, could also be used to detect external spins [3, [5] [6] [7] and investigate the surface spin noise [9] [10] [11] . In view of this, we performed CPMG measurements on three arbitrarily selected NV centers (NV-1, 10, 11) on the chip after different oxidative etching times. The results were shown in Fig. 3 . As shown in Fig. 3(a) , before etching, the T 2 of the CPMG-N of NV-10 were always increasing with the π pulse number N, in particular, the T 2 of the CPMG-100 was about 360.4 µs, about 52 times longer than the value 6.9 µs for the spin echo. However, in Fig. 3(b) , after etching for 45 h, almost all the T 2 of the CPMG-N were declined, in particular, the T 2 of the CPMG-100 was about 120.4 µs, which was only about one third of the value before etching. The T 2 of the CPMG-N as a function of N for NV-10 with the chip etched for various times were summarized in Fig. 3(c) . The decoupling efficiencies λ [9] varied with the etching time were shown in the inset (top left) of Fig. 3(c) . When the etching time was less than about 30 h, the T 2 of the CPMG were decreased very slowly, and the decoupling efficiencies λ was nearly a constant of about 0.82. This was consistent to the fact that the center, for sample etched for 30 h, was still inside the chip and the main spin bath was a bulk 13 C bath [20] . Then, they both declined rapidly when its depth decreasing in its last about 20 h etching before it finally disappeared (i.e. when its depth was less than about 22 nm), which was similar to the results in Fig. 2(c) . The similar phenomena were observed for NV-11 (just disappeared after etching 48 h) [ Fig. 3(d) ] and NV-1 (just disappeared after etching 75 h, and its data was not shown in this paper). The results were consistent with the fact that when the depth of the NV centers decreased, they would have a higher coupling strength with surface spin bath that had a fast fluctuation rate [9, 10] .
In summary, we investigated the depth dependence of coherence times of NV centers in diamond with the depth controlled using oxidative etching. We used a lower oxidative temperature of 580
• C in air to reduce the etching rate to about 1.1 nm/h. Thus, we can more precisely control the depth of the centers. On the basis of this, we performed the spin echo and Ramsey and CPMG measurements on the NV centers, of which the depth was decreased by successive oxidative etching, and found that the coherence times of NV centers declined rapidly with the depth reduction in their last about 22 nm etching before they finally disappeared, revealing a critical depth for the influence of rapid fluctuating surface spin bath, which was consistent with the results of the delta doping NV centers. [9] . The obtained results showed how the surface spin influenced the coherence behavior of NV centers of different depths, paving the way for investigating surface spins. Particularly, the slow etching method make it possible to control the depth of the NV center at nanoscale, which can be used to study the stability of the very shallow NV centers [24, 25, 27] , to investigate the surface spin noise [8] [9] [10] [11] , and for high sensitivity (even for single electron and nuclear) nanoscale spin detection [5, 7, 15, 16] . Moreover, it can also be used to control the depth of the NV center in the diamond tip equipped to the atomic force microscope, which can be used in high sensitivity nanoscale magnetic imaging of the spins [28] .
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